Introduction
============

The gut wall is the first physiological barrier that encounters nutrients and xenobiotics absorbed orally,^[@bib1]^ where food--drug interactions take place. These interactions are complex, as in the case of levodopa absorption and a protein-rich diet. Levodopa is the gold standard treatment in Parkinson's disease (PD)^[@bib2]^ and has a similar chemical structure as cyclic amino acids.^[@bib3]^ Supplementing PD patients with levodopa restores the dopamine levels in the brain and prevents motor symptoms.^[@bib4]^ It shares the same transporters with amino acids in the gut, brain, and kidneys, leading to competition that decreases its entry to target sites.^[@bib5]^ Therefore, dietary recommendations are given to PD patients^[@bib6]^ as levodopa bioavailability is influenced by diet.^[@bib7]^ Low-protein diet (LPD) limits protein intake to a minimal amount for every meal (\<0.8 g/kg of body weight). Another option is protein redistribution diet (PRD), where patients are recommended to take the daily protein allowance in the last meal. PRD has a better efficacy with lower off phenomena (e.g., akinesia) leading to improved life quality, especially at the latest stages of PD (3 and 4 on Hoehn and Yahr (HY) scale).^[@bib8]^ The molecular mechanism of this improvement remains poorly understood. The recent identification of luminal and basolateral levodopa transporters in the human small intestine epithelial cell (sIEC) was a major step for a better evaluation of dietary recommendations. It has been shown that, in addition to luminal competition, the presence of amino acids in the basolateral side of enterocytes trans-stimulates the absorption of levodopa leading to a higher bioavailability of the drug.^[@bib9]^

Computational modeling could be used to further elucidate the role of diet and levodopa absorption and to provide a basis for rational design of dietary recommendations. Such modeling should ideally (i) describe the levodopa kinetics in the gastrointestinal tract, as well as the other organs and (ii) consider sIEC-mediated uptake of levodopa and dietary amino acids.

For the first aspect, physiologically based pharmacokinetic (PBPK) modeling is an ideal computational approach because it describes with a set of ordinary differential equations cellular, tissue, and whole-body distribution of drugs. In particular, whole-body generic PBPK models have been described in the literature and used to investigate the effects of xenobiotics and mechanistically predict tissue concentrations of drugs.^[@bib10]^ Moreover, organ and process-specific PBPK models have been developed, such as the advanced compartmental absorption and transit model ('ACAT model'), for which *in vitro* parameters were used to estimate gastrointestinal absorption of drugs in human along seven small intestinal segments.^[@bib11]^ An advantage of the PBPK modeling is that it captures the dynamics of the modeled system. However, it requires the availability or fitting of many parameters, which may not be always easy to be obtained and thereby limits the size and resolution of the described system. In contrast, the constraint-based reconstruction and analysis (COBRA) approach assumes the modeled biological system to be at a steady state, thereby allowing the description of large systems, such as cells and organs, at the molecular level, while not requiring complete knowledge about the model parameters.^[@bib12]^

COBRA models are assembled based on genome annotations and biochemical data^[@bib14]^ and subjected to physio-chemical, genetic, thermodynamic, and biological constraints.^[@bib15],[@bib16]^ Recently, a genome-scale model of the enterocyte-specific metabolism ('sIEC model') has been published, describing known metabolic transformations and transport activities in sIECs.^[@bib16]^ This model has been constructed on the basis of global human metabolic reconstruction^[@bib17]^ which has been also recently extended for more refined metabolic content,^[@bib18],[@bib19]^ as well as for a drug module.^[@bib20]^

In this study, we (i) develop a combined multiscale PBPK--COBRA model and (ii) use it to investigate the complex spatiotemporal relationship between amino acids and levodopa kinetics and its impact on PD patients.

Results
=======

Modeling intestinal absorption of levodopa using a combined PBPK--COBRA model
-----------------------------------------------------------------------------

To model the temporal, spatial, and metabolic effects of levodopa transport along the gastrointestinal tract, we developed a combined PBPK and COBRA model ([Figure 1](#fig1){ref-type="fig"}). This model combines the advantages of PBPK modeling through a comprehensive whole-body model with refined gastrointestinal absorption (WB-ACAT) model and of COBRA modeling through a mechanistically accurate and detailed small intestinal cell models (sIEC models), representing the metabolic functions of seven small intestinal segments (duodenum, two jejunum segments, and four ileum segments). The WB-ACAT model takes into account the dissolution and transit of a standard formulation of levodopa with respect to the pH and volume of each compartment, through the identified parameters of fasted and fed states. To ensure a biologically relevant set of parameters, the model was fit onto human data and constrained with values reported in the literature ([Supplementary Figure S1B](#xob1){ref-type="supplementary-material"}). In addition, the global search option with the constrained optimization algorithm (supplementary section parameter estimation) allowed obtaining a global minimum. The subsequent absorption, metabolism, and secretion of levodopa by enterocytes were captured by the sIEC models ([Figure 2a](#fig2){ref-type="fig"}) which were not added for the stomach and the colon as no absorption is assumed to take place in these two compartments. Both models were coupled using dynamic flux balance analysis (see Methods and [Figure 1](#fig1){ref-type="fig"}). The WB-ACAT-sIEC model was then used to identify patients in need of dietary recommendations and to provide mechanism-based optimized diet for PD patients. The internal metabolites of the sIEC were assumed to be in steady state, while levodopa had a concentration rate-of-change equal to the fluxes of the dynamical model through imbalanced exchange reactions.

Dietary intervention is needed for HY 3 and HY 4 patients
---------------------------------------------------------

Using the multiscale PBPK--COBRA model, we addressed the question whether there is a particular subset of PD patients that would benefit the most by the recommended adjustment of dietary proteins.^[@bib7],[@bib8]^ In particular, we investigated the pharmacokinetic profile of levodopa in a fasted state ([Supplementary Figures S3 and S1C](#xob1){ref-type="supplementary-material"}, supplementary section sequential fit on two occasions) and in a fed state with a concomitant administration of aproteic and proteic meal ([Figure 3a](#fig3){ref-type="fig"}). An ante cibum (a.c.) administration of 100 mg of levodopa every six hours was simulated ([Figure 3a](#fig3){ref-type="fig"}). Each disease state on HY scale has a therapeutic window, in which the efficiency of the treatment is optimal as reflected by the control of symptoms.^[@bib7]^ A dose below the therapeutic window leads to persistence of the symptoms while a higher dose could trigger adverse effects, such as dyskinesia. Since the threshold concentrations of the therapeutic window have been determined with a 100 mg dose,^[@bib7]^ the model was simulated at the specified doses, assuming that the parameters are dose independent. In fact, nonlinear behavior has been observed at very high, non-clinical doses.^[@bib21]^ The resulting levodopa pharmacokinetic profile in the a.c. administration state showed a higher area under the curve (AUC) in the first HY stage (colored areas in [Figure 3a](#fig3){ref-type="fig"}). The decrease in AUC is inversely proportional to the disease stage. The simulation of the fed state with aproteic meal involved changing of physiological parameters ([Table 1](#tbl1){ref-type="table"}). The pharmacokinetic profile showed a decrease in the maximum concentration (*C*~max~) and a delay in the corresponding time (*T*~max~). With the concomitant administration of proteic and aproteic meals, the plasma concentration of levodopa stayed below the threshold of the therapeutic window of HY 3 and HY 4 patients and did not cover optimally the therapeutic window for HY 2. Based on this information, we concluded that dietary intervention would be most beneficial for PD patients in HY 3 and HY 4.

PRD improves the bioavailability of levodopa over LPD
-----------------------------------------------------

In later stages of PD, the reported superiority of PRD over LPD may be due to an increase in bioavailability of levodopa. To test this hypothesis, the pharmacokinetic profile of levodopa under both LPD and PRD was simulated. In the LPD setting, 0.8 g amino acids per kg body weight were administered *in silico* together with 200 mg of levodopa three times a day (t.i.d.) every 6 h. LPD assumes that levodopa dose is taken before the meal; hence, none of the physiological parameters ([Table 1](#tbl1){ref-type="table"}) were effective in the simulation. Since LPD and PRD are recommended in late-stage PD patients, with pronounced impairment of gastric emptying that can go up to 7 h,^[@bib22]^ it is assumed that the last meal with \<0.8 g/kg of body weight of proteins is still present in the small intestine. To account for the different affinities of amino acids for the luminal transporter and the subsequent competition with levodopa, cystine and ornithine were first simulated as these amino acids have the highest and lowest affinity ([Figure 2b](#fig2){ref-type="fig"}, [Supplementary Table S3](#xob4){ref-type="supplementary-material"}), respectively. The AUC above the efficacy threshold decreased by 11.24% for ornithine and by 22.91% for cysteine in comparison to the a.c. administration ([Figure 3b](#fig3){ref-type="fig"}).

PRD is based on the redistribution of the daily protein allowance to the last meal, for the latest stages of PD.^[@bib8]^ It has been demonstrated that gastric emptying rate (GER) decreases severely in the latest stage of PD. Moreover, the kinetics of amino acids in the plasma, after protein ingestion, are higher than the baseline after 8 h.^[@bib23]^ We consequently assumed that a high fraction of amino acids is present in the systemic circulation and in the portal vein, particularly, when the next levodopa dose is taken the following day. In particular, the trans-stimulation effect on levodopa secretion by amino acids was captured with the sIEC basolateral transporters ([Figure 4](#fig4){ref-type="fig"}). The simulation showed that a higher flux through the basolateral antiporter induced a higher bioavailability of levodopa, which is reflected by the increase of AUC above the efficacy threshold throughout the day (11.23%) in comparison to the fasted state ([Figure 3c](#fig3){ref-type="fig"}). Taken together, these results support the observed superiority of PRD over LPD to increase the systemic bioavailability of levodopa, which is reflected in our simulations by the cumulative increase in the AUC (34%).

Impaired gastrointestinal processes reduced levodopa efficacy
-------------------------------------------------------------

The slower gastric motility, induced by food and several conditions, decreases the bioavailability of orally absorbed drugs,^[@bib7]^ including levodopa. We identified the parameter for GER for the fasted and the fed state based on a two-occasion study^[@bib7]^ (see Methods for details, [Table 1](#tbl1){ref-type="table"}). We used the fitted GER to simulate the kinetics of levodopa in PD patients with the concomitant administration of food ([Figure 3a](#fig3){ref-type="fig"}). The parameter sensitivity analysis with respect to levodopa plasma concentrations showed that the top 5 ranking parameters among the 243 whole-body parameters were gastrointestinal parameters ([Supplementary Figure S4](#xob1){ref-type="supplementary-material"}, [Supplementary Table S4](#xob5){ref-type="supplementary-material"}). These findings highlight the importance of oral absorption in the dynamics of levodopa and consequently the emergence of fluctuations in the motor response.

Ranking of amino acids effects toward levodopa bioavailability revealed serine-rich diet as a potential augmenting diet for levodopa *in silico*
------------------------------------------------------------------------------------------------------------------------------------------------

The competition and trans-stimulation between levodopa and amino acids take place mainly in the gut, brain, and kidneys.^[@bib24]^ To capture also these interactions in our WB-ACAT-sIEC model, we extended the sIEC model by a kidney and brain compartment ([Supplementary Table S5](#xob6){ref-type="supplementary-material"}) and included the corresponding levodopa transport reactions (sIEC\*, supplementary section amino acids ranking simulations). To simulate this interaction between the three organs in the levodopa bioavailability, we set the levodopa influx rate to the intestinal lumen to the arbitrary value of 15 mmol/g of dry weight/h ([Supplementary Table S6](#xob7){ref-type="supplementary-material"}), of which 66% could reach the systemic circulation in the fasting state and 30% of the absorbed fraction was eliminated by the kidneys, in accordance with experimental data.^[@bib7]^ We then simulated the simultaneous administration of levodopa with the different amino acids by selecting as objective function the brain transport reaction for levodopa. This simulation allowed us to systematically determine, which amino acid would lead to a higher flux of levodopa transported to the brain and thus, could result in a better clinical outcome. We found that threonine, serine, and asparagine resulted in the highest brain bioavailability of levodopa ([Figure 5](#fig5){ref-type="fig"}). To our knowledge, these amino acids have not been reported to compete with levodopa in the small intestine and in the brain. Moreover, the amino acids were predicted to compete with levodopa for elimination in the kidneys and trans-stimulate levodopa secretion from the intestinal lumen. It has been shown that serine improves dopamine production.^[@bib25]^ Consequently, we ranked serine as the amino acid with the highest contribution to levodopa bioavailability.

Using the WB-ACAT-sIEC model, we predicted that the addition of serine in the systemic circulation could improve the bioavailability of levodopa as shown by the increase of the AUC above the efficacy threshold (22.02%) ([Figure 3d,e](#fig3){ref-type="fig"}). The subsequent increase of amino acids concentration in the plasma improved the bioavailability of the next dose through a higher absorption in the basolateral side of the seven compartments of the small intestine. Taken together, we propose that a serine-rich meal after a levodopa dose could improve the brain bioavailability of levodopa.

Discussion
==========

Motivated by the observation that protein-containing meals can alter the levodopa bioavailability and thus the motor symptoms of PD patients, we developed a multiscale PBPK--COBRA model of the gastrointestinal tract. We then investigated different dietary strategies. Our key results include: (i) late-stage, levodopa-treated PD patients would benefit the most by dietary intervention; (ii) PRD but not LPD improved the bioavailability of levodopa; (iii) gastrointestinal transit and loss of levodopa explained most of the variability in levodopa bioavailability; and (iv) serine-rich diet could increase the brain levodopa bioavailability. Taken together, we demonstrate that computational modeling could add further mechanistic insight into the diet-levodopa interactions and may be used to propose PD patient-specific dietary intervention strategies.

The combined model: construction, assumptions and validation
------------------------------------------------------------

In this study, we developed a spatially, temporally, and mechanistically detailed model of the human gastrointestinal tract ([Figure 1](#fig1){ref-type="fig"}) by combining two powerful modeling techniques: PBPK and COBRA. In comparison to the other efforts,^[@bib26]^ we demonstrate here that this hybrid modeling technique can be further expanded by including more refined PBPK models (i.e., the ACAT model), as well as by integrating more than one stoichiometric metabolic models (i.e., seven sIEC models) ([Figure 1](#fig1){ref-type="fig"}). Importantly, the simulation settings were consistent with literature reports, such as levodopa being absorbed equally in all the parts across small intestinal,^[@bib21]^ while amino acids were only absorbed in the proximal jejunum (jejunum 1 and 2 in the model).^[@bib27]^ The kinetic profile of levodopa with concomitant administration of proteic diet in late-stage patients ([Figure 3a](#fig3){ref-type="fig"}) matched the profile of levodopa of one case patient with gastrointestinal resection,^[@bib28]^ which suggests that inhibitory amino acids completely block the access of levodopa to the intestinal transporters in the sites of absorption. These findings show that the proposed hybrid modeling approach ([Figure 1](#fig1){ref-type="fig"}) provides a powerful tool to assess diet--drug interactions, which requires interrogation at the physiological, as well as biochemical level.^[@bib29]^

Late-stage, levodopa-treated PD patients would benefit the most by dietary intervention
---------------------------------------------------------------------------------------

In the last stages of PD, levodopa-treated patients experience fluctuations in the motor response.^[@bib30]^ The on-off phenomena are correlated to inadequate concentrations of levodopa reaching the brain. Since the impairment of the gastrointestinal motility in PD^[@bib31]^ increases with disease progression, the erratic absorption of levodopa, especially with diet, is one of the factors causing motor fluctuations. As our model showed ([Figure 3a](#fig3){ref-type="fig"}), the decrease in levodopa absorption was lower with respect to the therapeutic threshold in early-stage patients with low impairment of gastric emptying, while it substantially decreased the bioavailability of levodopa in later stages of PD. These results are in agreement with reported clinical trials,^[@bib30]^ and routine, where HY 3 and HY 4 patients are recommended to follow a dietary plan, such as PRD and LPD.

Gastrointestinal transit and loss of levodopa explained most of the variability in levodopa bioavailability
-----------------------------------------------------------------------------------------------------------

Constipation is a clinical symptom associated with PD, particularly at the later stages.^[@bib31]^ Overall, the GER is inversely proportional to the disease stage.^[@bib32]^ In addition, levodopa is degraded in the stomach and intestine lumen as a consequence of gut microbiota,^[@bib33]^ luminal enzymes,^[@bib5]^ and chemical degradation.^[@bib11]^ The higher residence time of levodopa in the gastrointestinal tract, caused by the slower GER, leads to a higher degraded fraction. The predicted decrease in the maximal concentration (*C*~max~) was the result of the combination of a slow GER and the luminal degradation ([Figure 3a](#fig3){ref-type="fig"}). The parameter sensitivity analysis showed that gastric and intestinal processes were the most influential factors for levodopa bioavailability ([Supplementary Table S4](#xob5){ref-type="supplementary-material"}, [Supplementary Figure S4](#xob1){ref-type="supplementary-material"}). The GER has been shown to be the main parameter that induces a delay in levodopa absorption.^[@bib32]^ Our observation is further consistent with the reported decrease in levodopa efficiency with pH^[@bib34]^ and *Helicobacter pylori* infection.^[@bib35],[@bib36]^ The levodopa loss in the stomach also motivated approaches that bypassed the gastrointestinal tract^[@bib37]^ and the intestine,^[@bib5]^ as well as provides a rationale for investigational prokinetics for PD patients.^[@bib38]^

The absorptive profile of levodopa has been reported to show multiple peaks in plasma and an erratic absorption. Such erratic kinetics were not observed in the simulations ([Figure 3a](#fig3){ref-type="fig"}), which suggests that GER is a time-dependent parameter, as suggested previously.^[@bib39]^ Our results suggest that the plasmatic concentrations of levodopa were higher 2 h after the administration than the a.c. administration. This observation could be explained by the absorption of levodopa in the ileum, where the competition with amino acids has not been reported.^[@bib27]^ This finding indicates a role of ileal levodopa absorption in the formation of delayed plasmatic peaks.

PRD but not LPD improved the bioavailability of levodopa
--------------------------------------------------------

It has been shown that PRD had a better clinical outcome than LPD.^[@bib8]^ *In silico,* the PRD had also a better performance due to the improved bioavailability of levodopa ([Figure 3b,c](#fig3){ref-type="fig"}). A combination of factors has been suggested to result in the superiority of protein redistribution diet.^[@bib8]^ In LPD, we showed that competing amino acids decreased the levodopa peak ([Figure 3a,b](#fig3){ref-type="fig"}). It is likely that the decrease is more pronounced with impaired GER. A slower GER potentializes the loss of levodopa by competition through exposing the dietary proteins to intestinal peptidases for longer periods of time, thus releasing amino acids. It has been shown that in healthy volunteers after protein intake, a minor part of the diet is transformed into free amino acids in the small intestine, while the major part forms di- and tri-peptides and is absorbed by PEPT1.^[@bib40]^ A clinical trial conducted on healthy volunteers showed no difference in the pharmacokinetics of levodopa when absorbed alone or with a solution of proteins, which questioned the influence of the gastrointestinal processes on the absorption of levodopa.^[@bib41]^ With most proteins being transformed into non-competing peptides, levodopa is not subjected to competition for luminal transporters. Thus, the delay in GER exacerbates the competitive potential of dietary amino acids, which leads to higher loss of levodopa in the small intestine.

Serine-rich diet could increase the brain levodopa bioavailability
------------------------------------------------------------------

Basolateral amino acids, mimicking the post prandial state, have been shown to trans-stimulate the secretion of levodopa.^[@bib9]^ The latter finding provides opportunities for augmenting dietary intervention. Serine supplementation increased *in silico* the bioavailability of levodopa for PD patients with moderately impaired GER ([Figure 3d](#fig3){ref-type="fig"}). Furthermore, the exchange of levodopa with amino acids could be a clearance route for amino acids, thus, preventing further competition in the brain ([Supplementary Figure S5](#xob1){ref-type="supplementary-material"}). Serine also modulates the activation of *N*-methyl-[d]{.smallcaps}-aspartate class of glutamate receptors (NMDARs), which were shown to be involved in dopamine synthesis and release.^[@bib25]^ Thus, serine-rich diet could improve the absorption of levodopa and the production of dopamine.^[@bib42]^ Recently, a clinical study on late-stage PD patients has demonstrated a higher bioavailability of levodopa and an improvement of 'on' times with soybean.^[@bib43]^ Given that soybean is mainly composed of 2331 mg/100 g of glutamate, 1411 mg/100 g of aspartate, 982 mg/100 g of arginine, and 687 mg/100 g of serine, it appears that inhibitory effects of arginine are counteracted by the predicted beneficial effects of serine and glutamate, while aspartate was predicted to be neutral ([Figure 5](#fig5){ref-type="fig"}). This finding suggests that a cumulative, dose-dependent effect of amino acids on the ranking scale that we have developed ([Figure 5](#fig5){ref-type="fig"}), in a given diet, is a good assessment of its effects on the pharmacokinetics of levodopa. A higher bioavailability of levodopa allows (i) a better clinical outcome, (ii) a decrease in the daily dose with (iii) the subsequent decrease in adverse reactions.

Taken together, we demonstrate in this study that the combination of genome scale and dynamical models can be used to assess the diet--drug interactions and can provide a valuable tool to design nutritional intervention strategies.

Materials and methods
=====================

To generate the multiscale gastrointestinal model, we (i) expanded the whole-body generic PBPK model^[@bib44]^ by the ACAT model,^[@bib11]^ (ii) added levodopa transport reactions to the sIEC model,^[@bib9]^ and (iii) coupled both models with respect to a specific time step.

Whole-body PBPK modeling and system identification
--------------------------------------------------

The ACAT model^[@bib11]^ and the whole-body generic PBPK ([Figure 1](#fig1){ref-type="fig"}, [Supplementary Figure S1A](#xob1){ref-type="supplementary-material"})^[@bib10]^ model were implemented and combined in Matlab (2014b release, MathWorks, Natick, MA, USA). Details on the models and their integration can be found in the supplementary section dynamical modeling of levodopa. The whole-body generic PBPK model with ACAT component consisted of 42 ordinary differential equations and 243 parameters. In the following, we will refer to this ACAT-expanded whole-body generic model as WB-ACAT model.

The kinetic parameters of levodopa ([Supplementary Tables S1](#xob2){ref-type="supplementary-material"} and [S2](#xob3){ref-type="supplementary-material"}) were identified through fitting of the WB-ACAT model on averaged data from 24 fasting healthy volunteers\' plasma concentrations after oral (per os) administration of 200 mg of a standard formulation of levodopa and 50 mg of peripheral metabolism inhibitor (benserazide)^[@bib45]^ (Supplementary section parameter estimation; [Supplementary Figure S1B](#xob1){ref-type="supplementary-material"}). The goodness of fit was assessed through visual inspection ([Supplementary Figure S2](#xob1){ref-type="supplementary-material"}), the Kolmogorov--Smirnov test^[@bib46]^ with a resulting *P*=0.9994, and the Pearson's correlation coefficient with r=0.99 (*P*\<0.0001).

The delay in the GER parameter induced by food was inferred by sequentially fitting data from a two-occasion study:^[@bib7]^ plasma levodopa concentrations in the fasted state and plasma levodopa concentrations after aproteic meal. For the first occasion (fasted), all model parameters were estimated except GER, which was set, as reported in the literature, for the fasting state ([Table 1](#tbl1){ref-type="table"}). For the second occasion (fed), all kinetic parameters were fixed and only GER was estimated. The sequential fitting approach was undertaken, as it allowed quantification of varying parameter between fed and fasted states.

The time-dependent parameter sensitivity analysis with respect to levodopa concentrations in plasma was computed as the result of the following non-normalized time-dependent derivative: $${parameter}\operatorname{}{sensitivity} = \frac{\partial y}{\partial x}$$ where *x* represents the vector of all WB-ACAT model parameters and *y* represents the plasma concentrations of levodopa. Then, the absolute time integral for every parameter was computed for every parameter using *trapz* function in Matlab.

sIEC model
----------

To take into account the gut wall metabolism and transport, the sIEC stoichiometric model was used. The sIEC model contains a thorough collection of metabolic and transport pathways of amino acids, which provided nonintuitive metabolite utilization strategies in different conditions.^[@bib16]^ To account for levodopa uptake and secretion by the transporters (EntrezGene ID: 11067-6591, 117247, 23428-6520), 36 levodopa reactions were added to the model, representing the specific stoichiometric coefficients for the transported co-metabolites accounting for competition and trans-stimulation (supplementary section adding levodopa reactions to sIEC) in the reported order of affinity^[@bib24]^ as measured experimentally.^[@bib9]^ The resulting sIEC_levodopa model, to which we will refer in the remainder as sIEC model, consisted of 433 metabolites, 1318 reactions, and 616 genes.

Coupling algorithm
------------------

The coupling between seven sIEC models and the WB-ACAT model ([Figures 1](#fig1){ref-type="fig"} and [4](#fig4){ref-type="fig"}) was achieved by performing dynamic flux balance analysis,^[@bib47]^ which computes uptake rates of each of the seven sIEC models using as constraints the outcome of the simulation of the WB-ACAT model, which were subsequently set as derivatives $\left( \frac{dX}{dt} \right)$ in the WB-ACAT model. We implemented this coupling with the static optimization approach (SOA),^[@bib48]^ which discretizes the simulation time into a defined number of steps and simulates sequentially the PBPK and COBRA model for every step^[@bib48]^ ([Figure 4](#fig4){ref-type="fig"}). The total simulation time of 18 h was divided into steps of 0.1 h, which represents a good compromise between the integration tolerance of the dynamical model, the simulation time, and the steady state assumption of the sIEC model with respect to the fast kinetics of levodopa in the blood following per os administration.^[@bib49]^ SOA assumes steady state of the metabolic network in intervals of 0.1 h, the sIEC model will reach a different steady state depending on the changing constraints of levodopa between the different time intervals.
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![The multiscale PBPK--COBRA model used in this study. We combined a spatially and temporally refined PBPK model (deemed WB-ACAT) of the gastrointestinal tract with seven copies of a mechanistically accurate and detailed metabolic model of small intestinal epithelial cells (sIEC). COBRA, constraint-based reconstruction and analysis; PBPK, physiologically based pharmacokinetic; WB-ACAT, whole-body advanced compartmental absorption and transit.](npjsba201613-f1){#fig1}

![Levodopa and amino acids affinities for enterocyte transporters. (**a**) One transporter (antiporter) in the luminal side and two transporters (one antiporter and one uniporter) in the basolateral side are involved in the absorption and secretion of levodopa. (**b**) Amino acids are ordered by affinity for the transporter. Dibasic and neutral amino acids compete for the luminal uniporter. Aromatic amino acids uniporter is involved in the basolateral secretion of levodopa. The basolateral antiporter exchanges levodopa for amino acids. In both **a** and **b**, four fifths of levodopa is secreted through the basolateral uniporter and one fifth through the antiporter. Amino acids in the specific colored box go with the corresponding colored route.](npjsba201613-f2){#fig2}

![Predicted pharmacokinetics of levodopa under different dietary conditions. (**a**) a.c., proteic, and aproteic meals influence on the pharmacokinetic profile of levodopa. The efficacy threshold values for the different disease progression stages were plotted in dashed lines on Hoehn and Yahr scale (HY1 to HY 4). The more advanced the stage, the higher the levodopa concentration threshold. The AUC corresponding to HY1 in the fasted state is the blue area, HY 2 is the red area, and HY 3 is the green area (**b**) The pharmacokinetic profile of levodopa under LPD diet. (**c**) The pharmacokinetic profile of levodopa under PRD diet, LPD diet and a.c. administration. (**d**) The pharmacokinetic profile of levodopa with the model proposed serine-rich diet, which can increase the bioavailability of levodopa. (**e**) Relative variation of the AUC of levodopa under different dietary conditions in comparison to the fasted state. a.c., ante cibum; AUC, area under the curve; LPD, Low-protein diet; PRD, protein redistribution diet.](npjsba201613-f3){#fig3}

![Multiscale modeling of the WB-ACAT-sIEC model for the absorption of levodopa by the small intestine. The key steps of the sequential coupling algorithm are illustrated. Step 1 (PBPK modeling): the physiological parameters of levodopa distribution were identified by fitting data from healthy individuals^[@bib45]^ onto the WB-ACAT model. Step 2 (PBPK modeling): the WB-ACAT model, together with the obtained parameters, was simulated for one-time step. Steps 3 (PBPK modeling): the flux values were retrieved, depending on the competition or trans-stimulation mode, for absorption and secretion reactions/metabolites that are in common between the WB-ACAT and the sIEC models. Step 4 (COBRA modeling): as the WB-ACAT model captured seven distinct sIEC segments, the flux values for each segment were set as upper bound on the one sIEC model corresponding to this segment. Step 5 (COBRA modeling): for each sIEC model, FBA was performed with the levodopa luminal uptake reaction or basolateral secretion as objective function, depending on the mode. Step 6 (COBRA modeling): the obtained FBA flux values for each sIEC model were set as parameters for the derivatives in the corresponding sIEC segments of the WB-ACAT model. The new rates initialized the next time step in the PBPK modeling (Step 3). Numbers with single and double subscript correspond to competition and trans-stimulation, respectively. COBRA, constraint-based reconstruction and analysis; PBPK, physiologically based pharmacokinetic; sIEC, small-intestine epithelial cell; WB-ACAT, whole-body advanced compartmental absorption and transit.](npjsba201613-f4){#fig4}

![Ranking of amino acids with respect to the levodopa fraction that reaches the brain. Amino acids with lowest ranking were those which competed with levodopa in the intestine. A second set of amino acids did not interact with levodopa and, consequently, the levodopa pharmacokinetics was identical to those of the fasted state. A third set improved the levodopa absorption and also did not compete with amino acid uptake by the brain. The objective function in the simulations was the levodopa transport reaction across the blood--brain barrier using an extended sIEC model, to which a kidney and brain compartment with the corresponding levodopa transport reactions were added. sIEC, small-intestine epithelial cell.](npjsba201613-f5){#fig5}

###### Fed versus fasted state physiological parameters

  *Parameters*                    *Fasted/ante cibum*     *Fed*
  ------------------------------ --------------------- ------------
  GER                                 3.96 per h        0.33 per h
  Stomach volume                         50 ml           1,000 ml
  Colon volume                         1,000 ml          7,000 ml
  Small intestine transit rate         2.1 per h        0.57 per h
  Gastric pH                               2                5

Abbreviation: GER, gastric-emptying rate.

The physiological parameters in fasted and fed state were taken from the literature.^[@bib49]^ The gastric-emptying rate was estimated by sequential fit on levodopa plasma concentrations in fasted and fed states onto the WB-ACAT model.
